Chemical stabilization is one of techniques which can improve mechanical and hydraulic properties of dredged sediments. This paper presents an experimental study focused on different techniques of stabilization of dredged sediment from La Baule-Le Pouliguen (France). Dredged sediments are stabilized with lime, Portland cement and fly ash. Three mixes were produced and submitted to uniaxial compression strength (UCS), indirect tensile strength (ITS) and shear tests at different curing ages. In addition, suction and mercury porosimetry tests are performed to highlight the effect of binders on the microstructure of treated sediment. Results indicated sediment treated with lime plus cement and fly ash, is promising, despite the time necessary to obtain the threshold of UCS (1MPa); unfortunately, ITS reference value (0.25 MPa) was not obtained. But this mixture presented good performance of shear strength parameters, exhibiting higher increases in cohesion (c) and friction angle () compared to the others mixes. In terms of porosimetry and suction results, it was observed that each type of binder acts differently, changing initial unimodal to bimodal porous distribution curves, and reducing suction in treated sediment due to macroporous occurrence and water retention for chemical reaction.
Background
Pavement sublayers tend to use not only conventional soils as construction materials but also marginal and alternative materials, since properly treated. In this way, it can be observed benefits such as reductions in (i) using of materials and non-renewable resources, (ii) exploitation of new deposits, (iii) the probable pollution that waste can generate and (iv) occupation of landfills (LIANG, 2012; LIMEIRA et al., 2010) . The reduction of waste deposition site on land and dumping at the sea due to more rigorous environmental regulations led the French harbor authorities to study the reuse of fine grained marine sediments from the solidification or stabilization of low or not polluted or no polluted fractions, for application in several infrastructures (SILITONGA, 2010) . The present study promotes the use of a non-hazardous inert material, considered as a waste, in a material that can be used in pavement sub layers or in embankments. Among the recent studies, ZENTAR et al. (2008) demonstrate the possibility of use of 2% of quicklime and 7% of ordinary Portland cement to stabilize dredged sediment. Mechanical properties and potential pollution were monitored and it was concluded that this treated dredged sediment could be used as material on low traffic road pavement. LIANG (2012) and LIANG et al. (2014) studied dredged sediment from La Baule-Le Pouliguen treated with different types of binders: cement, lime and/or fibers, fly ash and have founded that lime and cement, cement and fly ash can increase UCS and ITS resistance in function of time. The previous study highlights the benefits of binders on the compressive strength of sediments. The present study is focused on binder effect on the direct shear behavior and pore size distribution of treated sediments.
Materials and methods
Geotechnical identification of Dredged Sediment (DS) was made according to the GTR recommendations (GTR, 2000 Sediment-binder mixtures were prepared for different binder contents stated in previous study (LIANG et al., 2014) taking into account economic and environmental approaches. Thus, mixtures are made with lime, Portland cement and fly ash, with contents of 2, 7 and 9%, respectively. Specimens are compacted in regard of optimum Proctor characteristics of treated specimen. Mechanical tests performed were uniaxial compression strength (UCS), indirect tensile strength (ITS) and direct shear tests. Furthermore, suction tests (WP4 -Decagon Devices) and Mercury Intrusion Porosimetry were run to observe some particular behavior due to cement hydration and pozzolanic action. Table 3 gathers Proctor parameters of untreated dredged sediment and of mixes proposed. Changes due to the addition of binders are highlighted. Regarding all the mixtures the addition of lime and fly ash increased optimum water content and decreased the maximum dry density and, this effect is more pronounced when lime is added. It is noted that Portland cement appears to increase maximum dry densities as compared to the mixtures containing lime. Figure 2 presents the failure envelopes from direct shear data. Specimen were prepared to get the optimum moisture content, corresponding to each mixture and compacted in a cylindric mould to obtain the optimum dry density before being packed and conserved in polyethylene films. Specimens are conserved in air conditioned laboratory in order to keep the hydric equilibrium during the period of cure: 7 days and 28 days. Before the direct shear test, specimen were placed inside the shear box and consolidated for 12 hours. The shearing speeds were determined and direct shear test were performed under 4 normal stresses. Usually, after a curing period there was an increment of cohesion and friction angle also increased slightly. Figure 2 highlights how changes shear strength in function of different types of binders which were added. Considering DS sample, it can be noted that this condition provided the lowest shear parameter values and the lowest increments in cohesion vs curing time. DS sample results show that the curing time increase the friction angle but has low influence of the gain of cohesion. Increments in strength parameters were more important in treated materials than in DS. Fly ash addition to the mixture with lime and cement resulted in better performance. But 28 days-curing period is needed to get an increase of the cohesion. Other significant observation is that the  changes, it seems to be a particular contribution of the combination among lime+cement+fly ash. To understand the binder addition effect on pore size distribution of dredged sediment, mercury intrusion porosimetry tests were performed and results are presented in Figure 3 . Figure 3 shows pore size distribution curves related to mercury volume for 7-days curing time. The 2 main peaks concern the main pore size diameter of the specimen. Notice that for untreated sediment the pore distribution exhibits two defined slight peaks of low occurrence intensity (less than 0.1 µm) as compared with the other curves. Regarding treated mixtures, there were changes in peak size values and in its intensity. Specimen behaviour depends on the type of binder used, but, the reduction of macro pore size occurs for all specimen excepted DS. And the slight increase of micro pore might be attributed to the fine-grained gradation with the fly ash, which promotes the decrease of macropore, combined with the well known ability of lime to generate micro pore. Cement adding seems to reduce only the macro pore by its cementation ability.
Results and discussion
To clarify different binder effects on mechanical behavior, results of suction and porosimetry tests are presented in Table 4 . These results are presented in mean values. The highest suction value was presented by DS and binder adding tends to decrease the suction value. A suction value depicts that: (a) dredged sediment showed an increasing in suction values of 2% as a result of water content reduction in 2%: it suggests that the effect of suction on strength parameter can be significant in cases where desiccation occurs; this effect is reversible by wetting; (b) cement+lime+fly ash and cement-fly ash mixtures reduced in 20% the DS suction and after curing time suction values decreased about 3%. Some explanations can be proposed: the water distribution inside the compacted specimen is different to DS. The important grain contacts inside DS specimen are reduced by the presence of binder. This phenomenon tends to decrease the amount of tensile strength generated by water menisci between particles and can cause a decrease of the suction value. Porosimetry results helps to clarify which fly ash fine-grained particles contributed to makes mixtures finer and increasing slightly suction values.
Conclusions
An alternative study about chemical stabilization of dredged sediment was presented, considering mixes composed by Dredged Sediment (DS) treated with lime, ordinary Portland cement and fly ash. Results indicated that: Mixture with sediment+lime+ciment+fly ash can be considered promising, despite the time necessary to obtain the GTR references. It is important to remember that this experimental solution did not consider physical stabilization, thus no one type of gradation correction was applied. Suction tests indicated that dredged sediment has high water pressure and after stabilization with binders, suction is decreasing. In spite of suction reduction, all of strength values increased after curing process, indicating that strength increments can be related to chemical reaction. Porosimetry results exhibited that macropores are reduced in terms of size and intensities and cause an intimate contact between particles. The first result is the increase of the saturation degree which is responsible of the decrease of the suction values.
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